The incorporation of thermosensitive microgels that can act as active sites into polymeric fibers through colloidal electrospinning originates multifunctional, highly porous, and biocompatible membranes suitable for biomedical applications. The use of polyvinylpyrrolidone (PVP), a biocompatible, watersoluble polymer as a fiber template, not only allows the use of a simple set-up to produce composite membranes, but also avoids the use of organic solvents to prepare such systems. Further crosslinking with ultraviolet (UV) radiation avoids membrane dissolution in physiological conditions. Highly porous, UV crosslinked composite membranes with monodisperse mean fiber diameters around 530 nm were successfully produced. These composite membranes showed a Young Modulus of 22 MPa, and an ultimate tensile strength of 3 MPa, accessed in the mechanical tests. Furthermore, the same composite membranes were able to swell about 30 times their weight after 1 hour in aqueous medium. In this work composite multifunctional membranes were designed and extensively studied. PVP, a biocompatible water-soluble polymer, was used as a fiber template to incorporate thermoresponsive poly-(Nisopropylacrylamide) (PNIPAAm)-based microgels into the composite membrane using colloidal electrospinning. The design of multifunctional membranes can be further tailored to several biomedical applications such as temperature-controlled drug delivery systems.
Introduction
The design, research and development of new and improved smart structures and systems is currently a very hot topic in Materials Science and Engineering. One versatile and easy to scale-up strategy to produce such systems is by using electrospinning. Electrospinning is a cost-effective and simple process capable of forming polymer bres in the submicron range with high surface to volume ratio, exibility and tuneable porosity.
1,2
The resultant bres have been used in a variety of applications, ranging from sensors to drug delivery and tissue scaffolds.
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Fibre's surface topography, morphology and orientation are highly dependent on a number of parameters: (i) solution parameters, (ii) process parameters and (iii) environmental conditions.
2
Colloidal or emulsion electrospinning is similar to the traditional electrospinning but uses a colloidal system of two or more immiscible phases as bre precursor instead of an homogeneous solution. 7 Since this technique allows the production of multicomponent nanobers with controlled morphology using a simple nozzle, colloidal electrospinning comes as a good replacement for co-axial electrospinning, which uses coaxial nozzles for the same purpose. 8 Furthermore, this approach is environmentally friendly since it enables the minimization of the amount of organic solvents used during the production process. 9 The main advantages that colloidal electrospinning possesses is the different bre morphologies that can be obtained, regarding dispersed phase placement inside the bre. Taking this in consideration, there are two main types of morphologies that appear in colloidal electrospinning bres: 'bead-on-a-string' 10 and 'core-shell'.
11
The incorporation of stimuli-sensitive microgels, which can act as active sites, into polymeric bres by means of colloidal electrospinning can originate multifunctional bres with fast thermosensitive behaviour and tuneable surfaces. Díaz et al. 12 produced composite bres of poly-(N-isopropylacrylamide) (PNIPAAm)-based microgels using polyvinylpyrrolidone (PVP) as bre template, obtaining bres with a mean diameter of 0.9 mm and a water uptake of 17 times their dry weight. Poly-(ethylene oxide) (PEO) bres conning PNIPAAm-chitosan (PNIPAAm-Cs) microgels with a mean diameter of 63 nm and bead-on-a-string morphology were also reported.
PVP is a neutral hydrophilic water-soluble polymer with low toxicity and high biocompatibility with living tissues, capable of binding reversibly to various molecules (dyes, metals and some polymers) in solution.
14,15 PVP can easily be crosslinked using ultraviolet (UV) radiation, a cheap and high-energy radiation, thus allowing its application in biological systems without polymer dissolution.
15-19
We have previously reported the use of colloidal electrospinning to produce multifunctional membranes with thermosensitive microgels as active sites using PEO, also a watersoluble polymer, as a bre template.
13 Therefore we could not apply such multifunctional membranes in physiological systems because of the risk of polymer/membrane dissolution. In the current work we will use PVP as a bre template to perform colloidal electrospinning, followed by UV crosslinking to prevent polymer dissolution. During UV irradiation, the pyrrolidone substituents and cyclic amides on the PVP chains generate macroradicals -produced by UV direct photolysis of PVP -whose recombination could lead to intermolecular crosslinking PVP. 20 The results of PVP's UV direct photolysis are depicted in Fig. S1 . † To achieve such purpose we report the optimization of PVP as a bre template for the production of composite non-woven mats (or membranes) by conning thermosensitive PNIPAAm microgels in PVP bres using colloidal electrospinning. UV irradiation was used to crosslink the PVP matrix, thus avoiding its dissolution in physiological conditions, but still maintaining its swelling capability. Both mechanical and swelling properties of the membranes were studied and their behaviour with different UV crosslinking times analysed. The novelty of this work is the development of a production technique that allows tailoring a multifunctional composite system simply by changing the composition/cargo of the conned microgels. The simple and easy-to-use technique here used (colloidal electrospinning) is versatile enough to produce a system on demand for the desired application.
Experimental
Materials N-Isopropylacrylamide (NIPAAm, Aldrich Chemistry, 97%) was used as a monomer and N,N-methylene bis-acrylamide (MBA, Sigma-Aldrich, 99%) as cross linker, ammonium persulfate was chosen as initiator (APS, Sigma-Aldrich, 99%) and sodium bisulte (SBS, Acrös Organics) as catalyst. Acrylic acid 90% (Alfa Aesar) was used in order to study the effects in the microgels' LCST. PVP (Sigma-Aldrich, M w ¼ 1:300:000) was used as a bre template to produce the non-woven mats.
All reagents were used as received without any further purication.
Synthesis of PNIPAAm microgels
PNIPAAm and PNIPAAm-AAc crosslinked microgels were synthesized by surfactant-free emulsion polymerization (SFEP) as previous described. 13 Acrylic acid was used in order to study the effects in the microgels' LCST. Further information can be found in Table 1 .
Electrospinning
PVP solutions in different weight percentages in ethanol (10 wt%, and 14 wt%) were used as bre template. Microgels were added to PVP solutions to achieve 10 wt%, regarding PVP total mass.
Production of PVP non-woven mats. Electrospinning experiments were conducted using a high voltage power supply (Glassman High Voltage, EL, USA), a digitally programmed syringe pump (kdScientic) and a tin foiled cover as collector. The solutions were loaded into a 5 mL syringe tted with a 23-gauge blunt tip needle and mounted onto a syringe pump programmed with a ow of 0.3 and 1 mL h
À1
. The process was carried out with two different applied voltages (10 and 15 kV) and two different tip-to-collector distances (TCD), 12 and 18 cm, in a climatic cabin with a relative humidity of 30-40%, and controlled temperature, close to 25 C, well below the microgels'
LCST. Electrospinning ran for approximately 2 h and the resulting membrane was dried for 24 h to remove any remaining solvent.
Production of composite PVP-microgels non-woven mats. As for the colloidal electrospinning, the parameters used resulted from the electrospinning optimization study: 14 wt% PVP/EtOH polymeric solution, 15 kV of applied voltage, 12 cm TCD, relative humidity between 30-40% and temperatures ranging from [20] [21] [22] [23] [24] [25] C. The ow rate used was 0.7 mL h À1 , which is lower than the optimized (1 mL h
).
UV crosslinking
PVP and composite membranes were crosslinked with 254 nm UV light in a BIO-LINK® irradiation system for 5, 10, 15, 20, 30, 40 and 60 minutes.
Characterization
Scanning electron microscopy (SEM) technique was used to evaluate the morphology of the obtained bres. Samples were prepared with a sputtered thin layer of gold/palladium using a Q300T D Quorum sputter coater and analysed using a Zeiss DSM 962 SEM or a SEM apparatus tted with a Carl Zeiss Auriga CrossBeam system (SEM-FIB). The diameter and distribution of the overall electrospun bres were determined using ImageJ soware. Transmission electron microscopy (TEM) images were obtained using a Hitachi H-8100 II with thermo-ionic emission LaB6. TEM analysis was performed in a small piece of a membrane placed in a Kevlar 25 mesh grid.
Tensile tests were performed with a tensile testing machine from Rheometric Scientic (Minimat Firmware Version 3.1). PVP and composite membranes were cut into 10 Â 5 mm rectangles and mounted onto a pair of clamps and stretched at a speed of 0.1 mm min
À1
. Swelling properties of the membranes were performed using 6 rectangular samples (10 Â 5 mm) of each sample immersed in water for 0.5, 1, 2, 3 and 5 h. Between each immersion time the water was changed in order to minimize any possible single polymer chains resulting from the dissolution to reattach to the PVP molecule.
Results and discussion

Morphology of the non-woven mats
In order to obtain bres with a monodisperse distribution of diameters as well as a minimum mean bre diameter (MFD), a study where electrospinning parameters such as polymer solution concentration, process ow rate, applied voltage and TCD were varied in specic ranges was performed. There is an increase of MFD with the increase of the solution's concentration ( Fig. 1A) : if the solution is too dilute (low viscosity) the dominant factor is the surface tension of the droplet, which results in the inability of forming a continuous bre and mainly drops of solution or beaded bres will reach the collector; on the other hand, if the solution is highly viscous, the electric eld may not be high enough to disrupt the viscoelastic forces, which can lead to the formation of bres with several different diameters.
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Since the ow rate determines how much solution is available at the tip of the needle for bre formation, for a given voltage there is a lower limit of ow rate for the Taylor cone to be stabilized. 22 If the ow rate is increased above this limit the bre diameter increases because there is a greater volume of solution at the tip than the one that can be ejected; therefore, MFD increases with the increasing ow rate (Fig. 1A) .
When high voltages are applied, the polymer jet suffers a greater stretching due to the greater columbic forces and stronger electric eld, which leads to thinner bres. However, applying lower voltages results in the reduction of the polymer jet's acceleration, which increases its time of ight and consequently its stretching ability. 23 In this study the applied voltage did not affect the bres MFD, in the tested range (Fig. 1A) .
A small increase in MFD was observed with the increase of TCD (Fig. 1A) . The non-woven mat produced with 12 cm TCD appears to be denser than the 18 cm TCD one. Moreover, TCD of 18 cm originates a wider dispersion of diameters, from 400 nm to 1400 nm. Therefore, the TCD of 12 cm is more appropriate for the desired optimization.
Using the optimized electrospinning parameters, composite membranes were electrospun from a 14 wt% PVP/EtOH solution with 10 wt% of microgels, using a ow rate of 0.7 mL h À1 , 15 kV and a TCD of 12 cm. Although 0.7 mL h À1 was not an obtained parameter on the electrospinning optimization study, it is well known that a decrease in ow rate leads to bres with smaller diameters. 24 The decrease in process ow rate from 1 to 0.7 mL h À1 was made in order to bring the bres' diameter closer to the microgels one.
Using the optimized parameters a composite membrane with MFD of 497 nm was obtained, versus a PVP membrane with 817 nm (Fig. 1B) . Several factors could be inuencing this decrease: the used ow rate was lower (0.7 mL h À1 ) which gives the solvent more time to evaporate, resulting in bres with lower diameter, 2 the solution's viscosity could also inuence the MDF. To better understand the inuence of this parameter, rheological studies were made to the solutions used in the electrospinning and colloidal electrospinning experiments. Both solutions had a fairly similar value of viscosity (3778.7 Pa s for the 14 wt% PVP/EtOH solution and 3023.3 Pa s for the 14 wt% PVP/EtOH with 10 wt% microgels solution), which means that the viscosity is not an inuencing parameter in the composite bres' MFD. Moreover, in the TEM image (Fig. 1B) it is possible to identify a microgel incorporated inside a PVP bre. The size of the microgel is found to be close to 150 nm. However, as suggested by the dynamic light scattering (DLS) plot (Fig. 1B) , the microgel's hydrodynamic diameter (D h ) at 25 C (temperature used when electrospinning) corresponds to 450 nm. This value of diameter decreases with temperature due to the microgels' collapse. The diameter of the microgels in the collapsed state corresponds to 150 nm which ts with the diameter measured for the microgels observed by TEM. The difference in microgel size observed by TEM compared to DLS could be related to the solvent evaporation process that the membrane suffers: during this process, the solvent evaporates from both membrane and microgel, leading to a possible collapse by the microgel.
UV crosslinking
UV irradiation had the purpose of inducing crosslinks in PVP which prevents its further dissolution in water. Therefore, a comparative study between PVP and composite membranes was made. Both membrane' types were irradiated for 5, 10, 15, 20, 30, 40 and 60 minutes. Regarding PVP membranes (Fig. 2) , there are no great changes in the MFD with the increase of irradiation time, since all membranes have a MFD of approximately 830 nm (Table 2) . However, with 60 minutes of UV there are some visible cracks on the bres' surface, possibly indicating excessive irradiation time, which could be related to an increase of crosslinking degree. The same effect was observed in composite membranes, where no signicant differences were found in the MFD, although some cracks were also observed aer 60 minutes of UV ( Fig. 2 and Table 2 ).
Mechanical performance of the non-woven mats
The mechanical tests were performed in order to evaluate the inuence of UV irradiation time (and consequently, in PVP crosslinking) in the Young's Modulus and Ultimate tensile strength (UTS).
As for PVP membranes (Fig. 3) , an equilibrium for the Young's Modulus and UTS is reached aer 20 minutes of UV, which means that irradiating the mats for more than 20 minutes does not bring a visible advantage to the system's mechanical properties. Although the mechanical properties do not change, the morphology is in fact affected with the increase of irradiation time (appearance of cracks for 60 minutes of UV). The same mechanical behaviour was observed for composite membranes. As for the inuence of the conned microgels, it seems that it is not too evident through the mechanical properties: composite membranes have a 'maximum' Young's
Modulus of approximately 22 MPa, while PVP membranes round 25 MPa; the same happens for the UTS values (Fig. 3) . Once again, this lack of inuence may be due to the reduced size of the microgels or to the small load conned inside the PVP bres.
Swelling ability of the non-woven mats
Observing the swelling ratio curves in Fig. 4 , a signicant difference between the PVP membranes irradiated for 5 minutes and 30 minutes stands out. This could be explained using the crosslinking density data, calculated from the swelling ratio (Fig. 4 and Table 3 ). When a membrane is crosslinked, a polymeric network is formed. In our case, with an increase of irradiation time there is an increase in the crosslinking density of the formed network. At the same time that the network gets denser its polymeric chains suffer a decrease in mobility, which ultimately results in a lower uptake of water, thus making the membranes irradiated for 5 minutes to have a higher swelling ratio than those irradiated for 30 minutes. The difference in swelling ratio between the 30 and 60 minutes can be considered as negligible. The slight difference can also indicate that the ideal irradiation time may be 30 minutes, considering both the mechanical properties and the morphology study. From the analysis of the swelling properties it is possible to calculate the network mesh size, which is directly related to the crosslinking degree of the polymer network aer UV crosslinking process by the application of the Equilibrium Swelling theory 25 by assuming that UV crosslinking gives rise to the formation of a hydrogel. When studying a hydrogel's behaviour in a liquid medium there are three important parameters for the characterization of the network structure: (i) polymer volume fraction in the swollen state (y 2,s ), (ii) molecular weight of the polymer chain between two neighbouring crosslinking nodes ðM c Þ and (iii) mesh size (x). Both M c and mesh size can only be average values due to the fact that the crosslinking process is completely random.
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These three parameters can be determined using the Equilibrium Swelling theory that states that a crosslinked polymer gel, when immersed in a uid and allowed to reach equilibrium with its surroundings, is subject only to two opposing forces: the thermodynamic force of mixing and the retractile force of the polymer chains. However, this theory cannot be applied to hydrogels prepared in the presence of water. Peppas and Merrill modied the original Flory-Rehner theory to consider the volume fraction of the chains in the relaxed state (y 2,r ), i.e. immediately aer crosslinking (eqn (1)): 
where M n is the molecular weight of the polymer chains prepared without a cross linker, y is the specic volume of the polymer (PVP -0.785 cm 3 g À1 , 27 ), V 1 is the molar volume of water (18 cm 3 mol À1 ) and c 1 is the Flory interaction parameter (0.48). The polymer volume fraction in the swollen state (y 2,s ) can be determined by dividing the weight of the polymer in the dry state for the weight in the swollen state. The M c is especially important because it inuences both the polymer's mesh size and the crosslinking density (r x ), which can be calculated using eqn (2) and (3) respectively.
where C n is the Flory characteristic ratio, l is the length of the bond along the polymer's backbone and M r the molecular weight of the repeating units from which the polymer chain is composed. Since the polymer used in this work was PVP, the values for C n , M r and l are 12.3, 111.14 g mol À1 and 1.54Å, respectively. 28 Fig. 4 shows the relation between the crosslinking degree of PVP and the UV irradiation time.
Interestingly the composite membranes present a smaller swelling ratio at equilibrium, than the PVP ones (approximately 10 vs. 30, at 30 minutes of UV). This could be explained by the presence of microgels. Theoretically, when a uid penetrates a network it chooses the path of least resistance cross the network, i.e. a straight line. In composite membranes the addition of microgels creates obstacles (the microgels themselves) that interfere with the normal diffusion of water, forcing it to work around the obstacles. This means that the actual (average) path traversed by the species while diffusing in the interstitial uid (in our case, water) in a porous medium (composite membranes) is longer than the path traversed in a solid medium (PVP membranes).
The ratio of the actual distance travelled by the species (Dl) per unit length of the medium (Dx) is commonly denominated as tortuosity (s), 29 which is a parameter that strongly inuences the diffusion coefficient ðd 0 m Þ of a uid through a membrane. The relation between tortuosity and diffusion coefficient is presented in eqn (4).
where d m is the diffusion coefficient without the presence of the 'obstacle'. As it can be seen, the tortuosity is inversely proportional to the diffusion coefficient, which means that composite membranes (higher tortuosity) would have a lower diffusion coefficient and thus swell less than PVP membranes. Another possible explanation for the composite membranes' reduced swelling can be the insufficient crosslinking of the microgels. Aer the microgels' synthesis, if the percentage of crosslinking agent is insufficient, some unbonded polymer chains remain on the surface of the microgel. When submitting the nal composite membrane to UV treatment, those free polymer chains may bond to the PVP during the irradiation process, turning the microgels into anchoring points that hinder the swelling of the composite system.
Conclusions
Current research in materials development is focused in producing multifunctional systems using biocompatible materials for biomedical applications. Electrospinning is a simple and versatile tool to produce multifunctional membranes that can be tailored for the desired application. In this work we were able to successfully produce multifunctional, highly porous, crosslinked polymeric membranes with active sites (thermosensitive microgels) incorporated for potential biomedical applications. We have extensively studied the production parameters to create a membrane that can incorporate a certain amount of water and still be able to maintain a somewhat elastic behaviour by reaching a commitment between structural stability, mechanical properties and swelling capability. The most suitable studied UV irradiation time to produce such membrane would be between 20 and 30 minutes, since samples with this irradiation time show mechanical properties identical to the ones that were irradiated for longer periods of time. Above 30 minutes of irradiation, the swelling properties are also similar.
Although the connement of microgels did not show a noticeable change in the mechanical properties of the membranes, changes in the swelling properties were evident. To further investigate the inuence of the microgels, a higher load should be conned into the bres, since with a 10 wt% load the microgels are not homogeneously distributed throughout the entire membrane, which could be affecting the properties of the overall membrane.
This work gives a step forward towards the design and development of new and improved smart systems that can be tailored for the desired application, whether it is biomedical or industrial. For instance, one possibility is loading different stimuli-responsive microgels with distinct types of drugs, thus creating a multiresponsive membrane able to prevent different symptoms; another approach would be loading the microgels with anti-corrosion agents to produce a self-healing membrane. The versatility of the used technique, as well as the different components of the proposed composite are what make this system a very interesting and promising topic of research.
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